According
to the physiological and morphological studies of the cardiac conduction system by PURKINJE (1945) , ENGELMANN (1894 ENGELMANN ( , 1895 ENGELMANN ( , 1897 , HIS (1893), TAWARA (1906) , KEITH and FLACK (1907) and others, the stimulation of the heart occurs at the conduction system and is conducted through this specialized system but not through the ordinary muscle. Although his coworkers (1940-1952 ) postulated on the basis of their observations that conduction system of the tissue, but through the intracardiac nervous tissue, this neurogenic theory was denied by WALLS (1947) , TRUEX and COPENHAVER (1947) , COPENHAVER and TRUEX (1952) , BAIRD and ROBB (1950) , KUGLER and PARKIN (1956) and others. Today, myogenic theory of the conduction is widely supported by morphologists and physiologists. In spite of many investigations, many questions are still open about the conduction of the stimulus in the heart, especially about the mechanism of the conduction. A large amount of glycogen has been observed in the cardiac conduction system since the last part of the 19th century (MARCHAND 1885, ASCHOFF and NAGAYO 1908 and others). But the physiological meaning of glycogen in the conduction tissue is not yet clear.
Recently, cases of heart block occuring after the open-heart surgery, have attracted considerable attension among cardiologists (LAUER et al. 1959 , CALLAGHAN et al. 1961 , and others).
To avoid this complication, knowledge of the localisation and branching of the cardiac conduction system becomes necessary. Iodine method (TAUFIC et al. 1954 , ALLEN et al. 1959 and others) and modified periodic acid-Schiff reaction (OTSUKA and HARA 1965) seem useful to visualize the atrioventricular system macroscopically.
In the present paper, cardiac conduction system of the dog is reported morphologically and histochemically with special reference to following points: 1) histological difference between specialized conduction system and ordinary cardiac muscles,
2) morphological connection of the specialized tissue and ordinary cardiac muscles, 3) peripheral ramification of the atrioventricular system, and 4) differences in character and amount of glycogen between the specialized and ordinary heart muscles.
Materials and Methods
Seventy-five dogs of both sexes were used in this study. Thiopental sodium 227 T. HARA:
(250-500mg) was injected intravenously and thoracotomy was done. Obtained fresh heart was used in the following examination. For histological study of the sinus node (SN), a part of the vena cava superior the atrioventricular node (AVN), the region of anulus fibrosus and the upper part of the interventricular septum was removed en bloc. For the atrioventricular bundle (AVB) running in the subendocardium, the right side of the interventricular septum was removed from the fresh heart. The tissue was fixed in 10% neutral formalin, xylin-eosin (MAYER), azan (MALLORY-HEIDENHAIN) and trichrome stain (MASSON-GOLDNER).
For the histochemical study of the conduction system, the tissue was fixed for 6hrs in 10% formalin containing 1% periodic acid (TROTT et al. 1962) . The sections
For the macroscopic observation of the AVB and their peripheral ramifications in the subendocardium, iodine method (OTSUKA et al. 1965 ) and modified PAS reaction) HARA 1965, OTSUKA et al. 1966) were employed.
Results
A. Histological findings 1. Sinus node (Fig. 1a, 1b) The sinus node (SN) is found at the anterior part of the wall of the vena cava superior adjacent to the right auricle (above the sulcus terminalis).
Histologically, the SN is a network of specialized muscle fibers. The surface of the node is covered by epicardium and the remaining parts are surrounded by the atrial tissue. The specialized muscle fibers build many small bundles with irregular courses. Among the bundles, many connective tissue fibers are observed accompanied by capillary vessels and nerve cells.
The nodal fibers differ from the adjacent ordinary atrial fibers in the following points: 1) Nodal fibers are more slender than the ordinary ones. 2) Nodal fibers have many branchings. 3) Boundaries of individual fibers are not clear. 4) A few myofibrils and abundant sarcoplasma can be found in the fiber. The myofibrils are located in the marginal area. 5) Few nodal fibers show striation. 6) Nuclei are round or ovoid, and larger than those of the atrial muscle.
Each nodal fiber shows smooth transition to an ordinary atrial fiber at the periphery of the SN. At the transitional part, thin and slender nodal fibers with a few myofibrils grow up to rather large muscle fibers with abundant sarcoplasma. And finally they become atrial muscle fibers.
In the connective tissue around the SN, several groups of nerve cells and nerve fibers are observed with trichrome staining. The nerve cell is polygonal having one clear nucleus. Two to ten nerve cells compose one group. Near the group there is a bundle of nerve fibers.
The SN is well vascularized. Generally one or two moderately large arteries run through the center of the SN longitudinally. When they are two, one artery runs at upper part of the node, and another at lower part (near right atrium). Sometimes, one of the two arteries runs extranodal region touching the node.
In the right atrium Purkinje muscle fiber as seen in the ventricle can never be detected.
2. Atrioventricular node (Fig. 2a, 2b) In the right atrium, the atrioventricular node (AVN) exists in the subendocardial regien between the orifice of sinus coronarius and the coherent part of cuspis septalis of tricuspidal valve. But it is difficult to observe macroscopically.
For the histological study of the AVN, it is nessesary to remove tissues en bloc which contains a lower part of interatrial septum together with anulus fibrosus. Vertical section to the septal surface near the anulus fibrosus is proved most adequate for the study. Beneath the orifice of the sinus coronarius, and in the connective tissue of anulus fibrosus there is posterior (upper) end of the AVN. The shape of the AVN is similar to transvers section of the spleen, convex to the endocardium of the right ventricle.
From the adjacent region of the orifice of the sinus coronarius, several bundles of the ordinary atrial muscle run toward the cuspis septalis of the tricuspidal valve through the connective tissue of anulus fibrosus. In the upper region of the AVN each ordinary muscle fiber shows transition to an atrioventricular specialized fiber.
Two types in the arrangement of the atrioventricular nodal fibers are observed. In the posterior portion of the node, the network of the nodal fibers is similar to that of the SN, but contains less connective tissue fibers. The network in the AVN is thicker than in the SN. In the anterior portion of the AVN the arrangemant of the nodal fibers becomes regular and almost parallel to each other. Gradually nodal fibers build bundles with less brachings, and in this area, many of them show transition to the bundle of His. The AVN has no pathway from the right atrium (JAMES 1964) except for the above described posterior end.
The connective tissue containing many vessels is observed in the AVN. There is no large artery in the AVN. In the AVN, especially at the posterior portion, there are several groups of nerve cells and a few nerve fibers which do not form a bundle.
3. Atrioventricular bundle (Fig. 3a, 3b There is no large artery in the AVB. Capillaries are found less frequently than in the both nodes. A few nerve fibers can be recognized but neither nerve cell nor bundle of nerve fibers is found in the AVB.
Purkinje Fiber
The both bundles give rise to the small branches which spread all over the subendocardium of the ventricles. These branches build the peripheral ramification of the atrioventricular system. They are composed of Purkinje fibers or cells.
The Purkinje fibers have following histological features: 1) They are larger than the ventricular ordinary muscle and show clear cell boundaries. 2) they have rich sarcoplasma and a few myofibrils. 3) Occasionally clear striation is observed. 4) Nuclei are large and oval in shape.
Around the Purkinje fibers abundant connective tissue fibers are observed. A specialized fiber becomes gradually slender and transforms into an ordinary ventricular muscle with clear striation. Branching of fiber decreases in frequency at the place of this transition.
B. Histochemical findings
In the SN a great majority of the specialized fibers react posi-tively to PAS procedure. However, most of the adjacent atrial muscle fibers fail to do so except for a few exceptions. Nerve cells in or around the SN are stained intensive purple.
In the posterior portion of the AVN, the muscle fibers reacting positively and negatively to PAS procedure are mixed with each other. In the anterior portion of the AVN, all nodal fibers react intensively dark purple (Fig. 4) .
In the AVB (Fig. 5 ) all specialized muscle fibers react very strongly. After separating to the right and left, both bundles show the same pattern of PAS reaction.
C. Solubility of glycogen in the specialized tissue Following experiment was carried out to examine the solubility of glycogen in the specialized conduction system. Specimens including the right bundle and adjacent interventricular septum were used. After rinsing the material in water up to 6 hrs, the bundle remained to react intensively purple to PAS procedure, though the reaction decreased in intensity as the time of rinse further prolonged. On the contrary, the ordinary muscle showed a very weak PAS reaction after rinsing in water for 2hrs; glycogen was completely lost after 9hrs in water. Table 1 shows the results of this experiment. Table  1 Fig. 6. a-c: Disappearance of glycogen in the Purkinje fibers (P) and the ordinary muscular fibers (OM). Dog, PAS reaction, a: Glycogen observed in fresh heart.
D. Macroscopic observation of the peripheral ramification of the atrioventricular system
The AVB and its ramification can be observed macroscopically by modified PAS procedure.
Only the subendocardial structures, but not those in the myocardium are stained in this method.
1. Right bundle (Fig. 7, 8) a) The beginning of the right bundle: Twenty-five dog hearts were observed macroscopically.
The right bundle, branched from the AVB, appears in the subendocardium, and thus becomes stainable by the modified PAS procedure.
In the subendocardium, the beginning point of the right bundle is recognizd directly beneath the coherent part of the cuspis septalis of tricuspidal valve.
The distance from the coherent part of the cusp to the beginning of the right bundle varies from case to case. In most of the cases, it measures 2.0-3.0mm (Table 2 ). The width of the right bundle is shown in Table 3 . b) Course of the right bundle: The right bundle runs beneath the endocardium of right side of interventricular septum to arrive at anterior-lower part of the base of the anterior papillary muscle.
The right bundle is convex to anerior with the almost constant width throughout its course, and gives no branchings but in one exceptional case obeserved. In the lower half of the course the endocardium on the right bundle thickens slightly. c) Ramification of the right bundle: The right bundle divides into 3 groups of branches at the anterior-lower part of the base of the anterior papillary muscle; the branches 1) for the conus pulmonalis, 2) for the free wall, and 3) for the septum. 1) Ramification for the conus pulmonalis: The branches for the conus separate from the right bundle at the base of anterior papillary muscle. Then they go back upward with a sharp angle to the cord of the right bundle. The branches supply the Purkinje fibers in the area of conus pulmonalis.
The mode of branching at this area is very variable. 15 out of 25 dog hearts observed show the linearity partially or throughout the course. Among these, 4 hearts show completely linear course from the beginning to the periphery at the conus with branching of the finer Purkinje fibers. Two cases show partial linearity, the branch dives into myocardium, again appears up in the subendocardium, and arrives at the conus. Thus, these 6 hearts show the similar pattern in the beginning.
The other 10 hearts out of 25 observed show total or partial network. 3 cases of this group show the linear course at the beginning part, and on the way develops Table  2   Table  3 the network. In other 7 cases, the network is found from the beginning to the periphery of the conus. Through all cases, the peripheral ramification for the conus is observed only beneath the endocardium, and do not form the pseudotendon in the ventricular cavity. It is never observed that the peripheral Purkinje fibers anastomose with the right bundle.
In conclusion, the ramification for the conus spreads over the anterior part of the right side of the septum, with irregular pattern of the course.
2) Ramification for the free wall: The right bundle, after branching for the conus, makes a detour around the base of the anterior papillary muscle, and proceeds downward. Then, the main component of the right bundle makes up a few short and wide pseudotendons. The pseudotendons form bridges from the septum to the free wall. Their length measures 2-3mm, and the widths always less than 4mm. The Purkinje fibers through the bridges make thick and fine network beneath the endocardium, and spread all over the free wall. The Purkinje fibers often run along the trabeculation of the myocardium. Occasionally the fibers transfer themselves to the neighbouring trabeculation via short, hair-like pseudotendons.
Eventually this ramification spreads all over the free wall. The appearance of this network resembles a fishing-net.
3) Ramification for the septum: The last and small component of the right bundle, after branching for the conus and for the free wall, gives rise to a few branches. The branches go back-and upward, extending the network of Purkinje fibers. In conclusion, the ramification distributes itself in the posterior half of the right side of the septum. In the septum, many Purkinje fibers run along the longitudinal trabeculations. Here and there hair-like pseudotendons of the Purkinje fibers are observed among the trabeculations. As a whole, the Purkinje network is distributed on the free wall denser than on the septum. (Fig. 9, 10) a) The beginning of the left bundle: The left bundle runs in the subendocardium, in the close vicinity of the aortic valve. Distances between coherent part of aortic valve and the beginning of the left bundle is shown in Table 4 . The left bundle becomes visible beneath the commissure of valvula semilunaris posterior and dextra. But among 25 cases observed, 10 cases showed the beginning deviated rather to pos- for the conus pulmonalis (I), for the free wall (II), and for the septum (III).
The left bundle
terior, and 2 cases slightly to the right.
Beginning
of the left bundle is brush-like in shape as that of right bundle. It is, however larger in width than the latter, measuring 4-7mm (see Table 5 ).
b) Course of the trunk of the left bundle: The left bundle, becoming visible beneath the aortic valve, runs toward the apex cordis (lower) gradually increasing in its width. After running beneath the endocardium as a single bundle, the trunk goes into peripheral ramification.
The length of the trunk measured 2-6mm (Table 6 ). Table  4 Table 5 Table  6 Fig. 9: Left atrioventricular bundle and its branches in the subendocardium. Dog, Modified PAS reaction (OTSUKA and HARA). c) Ramification of the trunk: The trunk issues 3 groups of peripheral branches: anterior, posterior, and intermediate. 1) Anterior group: As soon as a branch divides from the trunk of the left bundle, it issues a few small branches. These constitute the anterior group. Turning forward, they run beneath the endocardium 10-15mm. Then, they change into pseudotendons, projecting into the ventricular cavity, arrive at the base of the anterior papillary muscle and spread mainly at the anterior area of the left ventricle like a fishing-net.
2) Posterior group: Like the anterior group, the posterior group is composed of a few small branches. They run 10-15mm almost in parallel with each other beneath the endocardium. The branches first appear as one cord, then they enter into the left ventricular cavity to change into a few pseudotendons communicating each other. They arrive at the base of the posterior papillary muscle. On the base of the posterior papillary muscle, the Purkinje fibers from the pseudotendons spread mainly over the posterior area of the left ventricle.
3) Intermediate group: Between the anterior and posterior groups, there is another subendocardial network. This is "intermediate group".
Fine branches coming together from the anterior and posterior groups form a fine Purkinje network at the upper area of the septum. In the 3 hearts out of 25, one short linear bundle composed of several Purkinje fibers was recognized as corresponding to the intermediate group.
No difference in the density of the Purkinje network is found between the free walls of the both ventricles. But in the septum more Purkinje fibers are observed on the left side than on the right because of the existence of the intermediate group.
Discussion
Microscopically, the mammalian SN has been studied in detail by KEITH and FLACK (1907) , MACKENZIE (1913) , BLAIR and DAVIES (1935) , NONIDEZ (1943) , DAVIES and FRANCIS (1946), TCHENG (1951) , HALPERN (1954) , JAMES (1962) , TRUEX and SMYTHE (1965) and others. Their observations on various animals are in concordance with my findings on canine SN. It seems that morphological feature of the SN is similar throughout all mammals.
JAMES (1962) found an artery passing the center of the SN, and claimed that it plays an important part in nourishing the nodal tissue and in creation of the impulse. He called this artery "central artery" ascribing the functional speciality to it. But, as described above, this artery runs not always in the center of the node, but in many cases also in the periphery. So I conclude that the name of "central artery" is not an adequate one.
Since the early days, HIS (1893), TAWARA (1906) , COHN (1909) , HOLL (1912) , LEWIS (1921) , NONIDEZ (1943) , BAIRD and ROBB (1950) , TRUEX (1961) , JAMES (1964) and others have histologically studied the atrioventricular system of the heart. Present investigation reveals that canine atrioventricular system has similar morphological feature to the other mammals. JAMES (1964) mentioned that the AVN is composed of two portions: the posterior (beginning) and the anterior (near AVB) portions. He described that the both portions have different histological structures. My observations support this description. The morphological feature of the posterior portion is similar to that of the SN, whereas the anterior portion is histologically similar to the AVB. From these findings I consider that the posterior portion may be related to the creation of the impulse for the ventricle and its conduction, whereas the anterior portion may carry out the conduction only. JAMES (1964) found the several "bypass tracts" between the atrium and the "convex surface" of the AVN. But in my observations, only one bundle from the right atrium to the posterior portion of the AVN was found. Other connection as to be called "bypass tract" was not observed anywhere. The connecting bundle, if any, was composed of ordinary atrial muscle and was not specialized histologically and histochemically.
In the early days, WENCKEBACH (1906 ) and THOREL (1909 insisted on the existence of the specialized pathway between the both nodes. ASCHOFF (1910) , KOCH (1913) and others, however, did not accept this opinion. Recently, ROBB and PETRI (1961) found two pathways between the both nodes in the monkey heart. JAMES (1961, 1963, 1964 ) also observed three pathways composed of specialized muscle fibers in the human and canine heart. They are 1) anterior 2) middle and 3) posterior internodal tracts. He cosidered that these pathways play an important role in the contraction of both atria. In the present study of dog heart, I paid particular attension to neighbouring tissues of the both nodes. In the periphery of the SN, I found a few Purkinje-like muscle cells. They are solitary and never form a tract as described by JAMES and by ROBB and PETRI. From these findings, I am inclined to conclude that these cells are of no special importance in the conduction of impulse. As for the atrial contraction, therefore, I support the opinion mentioned by TRUEX and SMYTHE (1965) . GLOMSET and GLOMSET (1940) , GLOMSET and BIRGE (1945) , in their studies on human and dog heart, considered that specialized muscle fibers do not exsist in the both atria and ventricles, and that muscle fibers in the so called conduction system only correspond to one type of ordinary heart muscle. Based on this opinion, they concluded that the impulse spread through the intracardiac nervous system, and not through the conduction system. But many evidences have been reported against this opinion (see Introduction). RHODIN et al. (1961), HAMA and KANASEKI (1965) found with electron microscope a special pattern of fiber connection in the Purkinje fibers of the conduction system, which was different from the fiber connection in the ordinary muscule and seemed to be adequate to conduct the impulse. Thus, it is considered that specialized muscular tissue is closely related to the cardiac conduction.
The nerve cells are observed near and in the both nodes. KAWAMURA (1961) and OTSUKA et al. (1965) observed many nerve endings in the nodal tissues. Therefore, it seems probable that the nervous system plays also an important part in the creation and conduction of the impulse. TAWARA (1906) described systematically the macroscopic pattern of the peripheral ramification of the atrioventricular conduction system. LAHMON (1912) , CARDWELL and ABRAMSON (1931) , and others studied the same subject with Indiaink injection method. This method, though adequate in large hearts as of ox, is not suitable for studies of human and dog hearts. Owing to technical difficulties in the studies of the heart of small animals, the whole aspects of the periphiral ramification of the conduction system in those animals remains rather obscure (BAIRD and ROBB 1959) . Recently, TAUFIC et al. (1954 ), ALLEN et al. (1959 developed Iodine-glycogen reaction for the study of the atrioventricular system, based on the fact that much glycogen is present in the Purkinje fiber. By this method, UHLEY et al. (1960 ), SPACH et al. (1963 ), BAERG and BASETT (1963 and others observed the atrioventricular system of the dog. SPACH et al. (1963) studied electrical activities of vitally stained Purkinje fibers, and discussed the physiological meaning of the conduction system.
For the purpose of the macroscopic observation of the ramification, PAS reaction, modified by OTSUKA and HARA (1965) , seems most useful. In the present paper, following results were obtained by the use of this method: 1) As a whole the peripheral ramification is more dense in the left ventricle than in the right. 2) The right bundle runs as a cord, whereas the left bundle branches already at the upper part of the septum. 3) The septum contains less Purkinje fibers than the free wall. 4) Right side of the septum has less Purkinje fibers than the left. 5) At the base of papillary muscle, abundant Purkinje fibers are observed. These structures of the conduction system seems to be related to its functional requirements that 1) the larger contractive force is necessary in the left ventricle than in the right, 2) the free wall plays a more important part in the ventricular contraction than the septum, and that 3) papillary muscles are related to the opening and closure of the valves. More detailed investigation about the relationship between the morphological speciality and physiological function is in progress, and I hope that the mechanism of the con-duction at the ventricle will be discussed when it is completed in near future. MARCHAND (1885), ASCHOFF and NAGAYO (1908) reported that much glycogen is present in the conduction system of the heart. It has become clear that glycogen content and its distribution in the specialized tissue varies according to species of animal, age, general condition of the animal and part in the conduction system (MONCKEBERG 1924 , NOLL and BECKER 1936 , GLOMSET and GLOMSET 1940 , COPEN-HAVER and TRUEX 1952 . On the other hand, the precise distribution of glycogen in each part of conduction system of one species has not been studied. In the dog, the SN, AVN, AVB and Purkinje fibers contain more glycogen than the ordinary heart muscle, especially the AVB and its ramification. Already SCHIEBLER (1953, 1955) , ALCINI et al. (1965) and OTSUKA et al. (1967) have determined histochemically in the ungulate, rat and dog that the PAS-positive substance in the conduction system is glycogen itself. The finding in the present study that the glycogen in the canine conduction system has specific character to be hardly soluble in water in contrast to that in the ordinary heart muscle is in agreement with the similar result of SCHIEBLER (1953) in the heart of the ox. The physiological meaning of glycogen in the system is yet obscure.
Summary
The conduction system of the dog heart was studied morphologically and histo- ungulates. These fibers first run forming a single bundle, then fork into two main bundles, right and left. 4. The right main bundle courses in the subendocardium as a single cord, drawing an arch (convex to pulmonary conus), without branching. Ariving at the anterior papillary muscle, it issues branches for 3 areas: for the conus pulmonalis, for the free wall, and for the septum.
5. The left main bundle becomes visible beneath the aortic valve as a wide bundle and spreads over the subendocardium as a fimbria, giving three groups of branches. Branches of the first group run toward the anterior papillry muscle via pseudotendons. Those of the second group reach the posterior papillary muscle via pseudotendons and give rise to a very thick distribution of Purkinje fibers to the left ventricular free wall. The third group of the peripheral branches spreads directly over the septum without passing pseudotendons.
6. The network of Purkinje fibers in the subendocardium is the thickest on the free wall of the both ventricles and the thinnest on the right side of the interventricular septum.
7. There is much glycogen throughout the conduction system, especially in the atrioventricular bundle and Purkinje fibers. The glycogen is less soluble in water compared with that of the ordinary heart muscle. Physiological meaning of this glycogen is not yet clear.
